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1. Introduction
During the period of this contract work was performed on developing a

system in which it is possible to optically read a VLSI memory into another VLSI
device. The end goal of this project is to produce a prototype system which

demonstrates the ability to optically interconnect VLSI devices.

Work was performed by a number of faculty members and students in the

areas of: liquid crystal imaging of horizontal fields in integrated circuits, thin

solid film integrated circuit structures for modulating light , simulation of system

performance for a number of optically interconnect architectures, and
construction of a working demonstration prototype. A paper discussing the

approaches to fixed optical interconnects was presented at the 1989 SPIE
International Symposium on Optical and Optoelectronic Applied Science and

Engineering. This paper also provides the results of simulations showing the

speedup advantages for an optically interconnected system. A paper which
discusses the use of polymeric electro-optic materials and devices for optical
interconnects has been published in a special issue of Applied Optics on

optical interconnects (Applied Optics, vol. 29, no. 8, March 1990). High
resolution imaging of the voltage states of a VLSI device using horizontal field

modulated nematic liquid crystals was demonstrated and a publication has

been submitted to IEEE Electron Device Letters. All of the above mentioned

publications are included in the Appendix of this report.

Construction of a prototype system was initially delayed due to
contractual problems and later due to a delay in the arrival of the optical

microscope which is to serve as the basis of the optical system. The detector is

a CCD camera which will be used to image the memory which is covered with
nematic liquid crystals. As discussed in the attached paper, 'Ne have shown

that it is possible to image the memory device using the horizontal fields above

the integrated circuit. Using the optical system it will be possible to determine

the ultimate optical resolution of the liquid crystal and determine if it is possible

to image a single memory cell.

The rest of this report includes a summary of the project and a discussion

of the design of the prototype system. The papers in the Appendix provide a

complete analysis of the system design and function.



2. Project Summary
In less than 25 years the principal challenge in the field of electronics has

gone from the integrating dozens of transistors to form logic devices to the

challenge of integrating dozens to thousands of processors to form computing

systems. The types of concurrent computing systems being built today vary
from shared memory multiprocessors, in which several complex processors

work on portions of data obtained from a shared memory, to special-purpose

systolic architectures in which a large set of cells having simple computational

abilities are interconnected. For any of these concurrent systems to achieve
significant computing advantages over single processor machines, it is

necessary to match the communications network capability to the computational

speed of of the processors. Although concurrent computing systems will require

an increase in the density of interconnects between integrated circuits, pin
limitations of VLSI devices will prohibit the interconnection of large numbers

(>1000) of nodes. Optical interconnects offer the possibility of interconnecting

many internal nodes of one integrated circuit with the internal nodes of one or

more receiving devices. While a variety of optical interconnection schemes for

Si devices have been proposed,1 - 6 many mimic electrical interconnects in the

sense that electrical signals need to be brought to the edge of the device for

conversion to an optical signal, through the use of a light emitting or laser diode

array bonded to the edge of the chip. Even if such light emitters can be built
directly on a Si integrated circuit, it is unlikely that the density of transmitters will

be high enough for this interconnection scheme to show a significant numerical

advantage over pin interconnections. We have proposed the use of thin film

electro-optic materials and devices formed on the surface of Si integrated

circuits as a means of modulating an external light source with voltage

information from the internal nodes of the device. Illuminating the integrated

circuit with an external light source will yield reflected and diffracted light

containing the voltage state information of the internal nodes. This information

can be imaged onto one or more Si receiving arrays which serve as memories

or data processing arrays. For the case of the single transmitter and multiple

receivers, a unidirectional optical bus can be formed. For the single transmitter

and single receiver, it will be possible to develop a bidirectional optical bus.
In order to realize fixed, free space optical interconnects three parts of the

communication system must be developed: the light source and modulator, the

imaging system, and the receiving system. The p-n junctions in Si integrated
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circuits have been shown to exhibit good quantum efficiency in the near
infrared, 7 thus construction of optical receivers in Si devices appears feasible.
Recent demonstrations of the optical broadcast of global clock signals to VLSI
devices with integrated detectors 8 indicates that reception of optical signals in
VLSI devices is possible. Imaging can be performed using lenses or
holographic optical elements. 9,10 ,11 Development of holographic interconnects
appears promising, as diffraction efficiencies (total received power/total
hologram illumination power) of greater than 20% between one source and 5
detectors has been demonstrated. 12

Development of a light source and modulator compatible with Si integrated
circuits is the most difficult of the problems to be solved. Placing light sources
on the surface of Si devices is difficult because of the incompatibility of the
materials used for light sources with Si. Even if light sources can be integrated
into Si VLSI devices, a large density of transmitters will lead to very high
electrical power densities at internal nodes of the chip. Electrically
addressable spatial light modulators (SLMs) which are compatible with
integrated circuits would allow for the placement of the light source external to
the chip and utilize modulators which are placed on the surface of the chip for
modulation of the incident light. By developing materials and structures which
can be placed on the surface of an integrated circuit and modulated by electric
fields at the surface, it will be possible to illuminate the integrated circuit and
subsequently broadcast an image containing all of the voltage state information
in the device. Modulators based on Ill-V materials have been fabricated 13, 14
but such devices are not directly compatible with Si integrated circuits.
Inorganic materials such as BaO.5Sr0.5Nb2O6 and PLZT have been found to
exhibit large electro-optic coefficients 15, 16 (5600 and 100 pmN respectively)
and although some of these materials are compatible with Si integrated circuit
devices, the large relative dielectric constants limit the switching speed of
devices built from these materials.

Two promising solutions for developing IC compatible SLMs are the use of
ferroelectric liquid crystals or polymeric electro-optic films. Nematic liquid
crystals were used to image the voltage states in integrated circuits.17,18 It may
now be possible to use ferroelectric liquid crystals which have a theoretically
predicted 19 time response of 10 - 50 ns and a corresponding change in
refractive index of 0.1-0.15. Polymeric electro-optic films are a possible
solution since they exhibit an electro-optic effect which is primarily electronic in
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nature and does not fall off in the GHz region. Polymeric electro-optic materials
have already been produced 20 with electro-optic coefficients of 12.8 pm/V,
which is comparable with inorganic materials 21 such as LiNbO3. Their

topographic adhesion and low temperature processing make them inherently
compatible with integrated circuits. Although the electro-optic coefficients on
the order of 100 pm/V may be obtained in these materials, the induced

birefringence would still be insufficient to effectively modulate light effectively in
a film only 1-10 pm thick. Resonant structures such as Fabry-Perot etalons can
be used to increase the effective path length of the light in the film to obtain
greatly increased modulation. In addition the low dielectric constants of these

materials will yield structures with relatively low capacitances.

A computing system utilizing fixed interchip interconnects has been

proposed in which memory information would be broadcast optically from one
memory array to a numb(- of receiving arrays. 22 , 23 This system, entitled
OPTIMUL (OPTical Interconnect for .MUtiprocessors) has the potential of

eliminating memory contention in multiprocessor systems because it would
allow the entire contents of a shared memory to be read simultaneously by a
number of remote processors. We refer to this system, as the Single Transmitter
Multiple Receiver (STMR) configuration. This system will require imaging optics

capable of producing multiple copies of the broadcast image. The fly's eye lens

can be used to produce multiple copies of the broadcast image. The amount of
incident optical power required to generate photocurrents in the range of 100-

200 nA is on the order of Watts/cm 2 , thus it would be desirable to use a
incoherent, broadband optical source. This configuration thus lends itself to use

with a liquid crystal type modulator which requires polarized light for
illumination, but poses few constraints on the monochromaticity, collimation, or

coherency of the incident light.

The approach thus taken is a two-fold approach which includes work in both

liquid crystal covered devices as well as thin solid film systems. For the liquid

crystal work integrated circuit devices were coated with nematic liquid crystals.
The paper included in the appendix of this report gives the details and shows

that adequate modulation can be obtained using liquid crystals. The use of
ferroelectric liquid crystals will necessitate further experimentation to determine
how to best align the liquid crystals. The thin film approach guarantees

sufficient speed but modulating structures need to be improved to obtain

sufficient (1-10%) modulation. We have demonstrated a thin film Fabry-Perot
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modulator based on the linear electro-optic effect. This shows that thin

polymeric films can be incorporated into optical structures which are inherently

compatible with integrated circuits.

3. Conclusions and Future Work

It has been shown that the liquid crystal approach and the thin solid film

approach offer possibilities for the construction of single transmitter multiple

receiver (STM.9) system and a single transmitter single receiver (STSR) system
respectively. From a computing speed perspective, it has been shown that both

systems offer advantages over electrically interconnect systems and in certain

cases will provide a large speedup in computation.

An existing microscope at UCD has been used to study the modulation of

the liquid crystal on the surface of an integrated circuit, as shown in the attached

paper. Under the tasks outlined for the current contract, a new microscope

system has been purchased and will be modified for studying the possibility of
resolving individual memory cells. It will be possible to modify the optical

system of the microscope to provide distribution of the memory information to
multiple receivers, thus demonstrating reception at multiple locations. An

existing CCD camera will be used for reception and will be multiplexed

between the two locations for demonstration purposes.

Looking towards a continuation of this effort, a preliminary design for a

dual-photodiode receiving array has been finished. This chip will be fabricated

using the MOSIS integrated circuit prototype system, and will consist of an array

of balanced receivers (the receiver is described in the attached papers) and a
number of test structures for both liquid crystal and thin solid film modulation.

Using this chips is should be possible to demonstrate a point-to-point
interconnect using Si integrated circuit devices. It will also be feasible to study

the optical power requirements (optical light budget) for a point-to-point system.

If suitable optics (e.g. fly's eye lens) are developed it will be possible to

demonstrate a single transmitter multiple receiver (STMR) system.
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A I" STR A (i T

Co ncrrrcil corn puting sysic ills are el cct ivc onlI% iI the data rates to and from processing ehcl ient.s are ,,tii I, , t t p

ihe pr icesing ecments occupied. The inherent parallelism of optics makes it a natural candidate fo r ii orinaiti i t.
hie the existing technology of silicon very large scale integrated (VLSI) circuits is the most ,uitabilc .r

"1"l1l'tIti, ial tasks. In this paper we present the usc of fixed optical intercomnects for intornah,,i t'rthlIcf 1:1 1'!-, ,'
b C 0,J C JIk urrenit computing s.,,teis. This capabihty is based on the development ofl e lec call iddrc-., .i ... I.:,

i , .iif", (SI.M'S) fabricated as part. Of integrated circuit devices.

I. INTRO)UCTI 0N

In less than 25 years the principal challenge in the field of electronics has gone from the integrating do/c, ,l Ir:..
to form logic devices to the challenge of integrating dozens to thousands of processors to form coipuin , tel, I he
ti\pes of concurrent computing systems being built today vary from shared memory multiprocessors,in i, A1, h ,-ii raI
oIIplex lroccssors work on portions of data obtained from a shared memory, to special-purpose systohilc aih:l t.', ii.
, hich a large set of cells having simple computational abilities are interconnected. For any of these collcurrcnt ttyi:ns I,
achieve significant computing advantages over single processor machines, it is necessary to match the cOIMnu!lijtin
network capability to the computational speed of of the processors. Although concurrent computing systems A, ill rc.;re an
increase in the density of interconnects between integrated circuits, pin limitations of VLSI devices %kill prohi it the
interconnection of large numbers (>100) of nodes. Optical interconnects offer the possibility of interconnecting rman%
internal nodes of one integrated circuit with the internal nodes of one or more receiving devices. While a srety of 'itiail
interconnection schemes for Si devices have been proposed, 1 -6 many mimic electrical interconnects in the sen,c that
electrical signals need to be brought to the edge of the device for conversion to an optical signal, through the use of I light
emitting or laser diode array bonded to the edge of the chip. Even if such light emitters can be built directly on a Si irk-rated
circuit, it is unlikely that the density of transmitters will be. high enough for this interconnection scheme to i-,, a
significant numerical advantage over pin interconnections. We propose the use of thin film electro-optic materials and devices
formed on the surface of Si integrated circuits as a means of modulating an external light source with voltage information
from the internal nodes of thc device. Illuminating the integrated circuit with an external light source will yield reflected and
diffracted light containing the voltage state information of the internal nodes. This information can be imaged onto one or
more Si receiving arrays which serve as memories or data processing arrays. For the case of the single transmitter and
multiple receivers, a unidirectional optical bus can be, formed. For the single transmitter and single receiver, it %kill be
possible to develop a bidirectional optical bus. Preliminary results of the performance simulations of two types of op:icall.
interconnected systems are presented. These simulations show that a highly parallel optical channel will provide a g~catcr
degree of speedup as a function of the number of processors than is presently achieved in multiprocessor systems.

I. 1 Communication issues in concurrent computing systems

Communications limitations in concurrent computing systems are attested to by the various contention prcnlems
suffered by multiprocessor systems since their inception. 7 These problems have prevented the realization of the ideal linear
increase in speed as a function of the number of processors and although solutions have been sought, 8 - 10 contentinn for
system resources (shared memory, shared memory bus, system wide software, processor bus) still limits system performance.
In massively parallel systems with with simple processing elements the communications requirements are such that if
r ,tricted to electrical interconnects, wafer-scale and hybrid wafer-scale technologies will be necessary to provide the ne ..esar,
decree of interconnection. II Traditional VLSI packaging technology is limited to on the order of 500 pins per device.- and
thus offers few possibilities for the interconnection of thousands of internal nodes.
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dv I!uAczII.s rI c infigu r tblC. W hile intrac hip intcrminlek is oflI er %oil IC spWed and fano ut adsanLgeN, they (it not address the pil
Iliitatim problcni. Whilc dn.naiic (reconfigurable) inuertwolnnct., wiuld e the most desirable for the implementation f
iioir of n ati-x and signal proessing operation,;, A suc.h seinix require the deielopment of novel materia[s for dynlm ,
hl,,grani,. Fixed interconnects provide a high density of Interconnects anti o ler the pc)ssibilit, of interconnection from one
trAllinitler to multiple receivers, without requiring a holographic systcm that can N. clectrica]ly or optically switched In
.iditiori. it" tL. data is electronically processed and then optically broad.asl to a subsequent receiver (as in a cascade or rini
ilcLt, ork) it x Ill be possible to achieve roconfiguration of the interconnect elctronlcall,,. Fixed, free space, optical
in tr,orinis thus olefr the most benefit in terms of sN ntem perfornman,.c and onik require one 'utjablc nitriaLde.. i.c Ior
,'is, rion of the voltage iniormation to optical information. It shoiuld be noted that c,, n I: ,A tchi,,irw seeds for thec
nit .alsaN or devices are ol [tie order of 1(X) ns, the tranlnii ,iuo of data arr% s . Ill e,,ult in a % cr. high band. ,llh coinpared
to il electrical bus Ahich in which 16-64 bits are transmitted at once As at a l a ra\ Of I W1)) clm,.'nts tranlsilittl,"
il 1 ) ns to one receiver results in an effective data transfer rate of l(XKXMitN/s. This rcpresent, the minimumi dcnsit\ for
, hoch optical interconnects offer a clear advantage. hlie ef.etive daLta rate to the rcei Ing array is orders of magiiitudes hilher
tlan could be achieved with electrical interconnects.

In order to realize fixed, free space optical interconnecL three parts of die communication system must be developed:
the light source and modulator, the imaging system, and the receiving system. The p-n junctions in Si integrated circuiLs
have been shown to exhibit good quantum efficiency in the near infrared, 14 thus construction of optical receivers in Si
devices appears feasible. Recent demonstrations of the optical broadcast of global clock signals to VLSI devices with
integrated detectors 15 indicates that reception of optical signals in VLSI devices is possible. Imaging can be performed using
lenses or holographic optical elements.1 6 , 17 ,1 8 Development of holographic interconnects appears promising, as diffraction
efficiencies (total received power/total hologram illumination power) of greater than 20% between one source and 5 detectors
has been demonstrated. 19

Development of a light source and modulator compatible with Si integrated circuits is the most difficult of the problems
to be solved. Placing light sources on the surface of Si devices is difficult because of the incompatibility of the materials
used for light sources with Si. Even if light sources can be integrated into Si VLSI devices, a large density of transmitters
will lead to very high electrical power densities at internal nodes of the chip. Electrically addressable spatial light modulators
(SLMs) which are compatible with integrated circuits would allow for the placement of the light source external to the chip
and utilize modulators which are placed on the surface of the chip for modulation of the incident light. By developing
materials and structures which can be placed on the surface of an integrated circuit and modulated by electric fields at the
surface, it will be possible to illuminate the integrated circuit and subsequently broadcast an image containing all of the
voltage state information in the device. Modulators based on III-V materials have been fabricated 20, 21 but such devices are
not directly compatible with Si integrated circuits. Inorganic materials such as BaO.sSrO.sNb2O6 and PLZT have been found
to exhibit large clectro-optic coefficients 22, 23 (5600 and 100 pm/V respectively) and although some of these materials are
compatible with Si integrated circuit devices, the large relative dielectric constants limit the switching speed of devices built
from these materials.

Two promising solutions for developing IC compatible SLMs are the use of ferroelectric liquid crystals or polymeric
electro-optic films. Nematic liquid crystals were used to image the voltage states in integrated circuits.24 ' 25 It may now, be
possible to use ferroelectric liquid crystals which have a theoretically predicted 26 time response of 10 - 50 ns and a
corresponding change in refractive index of 0.1-0.15. Polymeric electro-optic films are a possible solution since they exhibit
an electro-optic effect which is primarily electronic in nature and does not fall off in the GHz region. Polymeric electro-optic
materials have already been produced 2 with electro-optic coefficients of 12.8 pm/V, which is comparable with inorganic
materials 28 such as LiNbO3. Their topographic adhesion and low temperature processing make them inherently compauble
with integrated circuits. Although the electro-optic coefficients on the order of 100 pm/V may be obtained in these materials,
the induced birefringence would still be insufficient to effectively modulate light effectively in a film only 1-10 .m thick. As
will be discussed, resonant structures such as Fabry-Perot etalons can be used to increase the effective path length of the light
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(u:n 1!c;.i 13111 11II incicaseut lliidulaitikii. lIn .iddoltiiii thu l"A diii,~ iii, kui.t~it c < 1.i k %I III-i

A 0111)1i1i), systemi utili.'ing fixed interchip rfltertonriec , has been pm posed In 'A llit1 IlCi10" iir\ 11al~ ii iiiiiii LIii I',
iilciiopitically fromi one memiory atrray to a numnber of receiving arraNs.21 11 .,-his s>'et.entitled ( 1I~ I

(-Il'lI'cal Interconnect for M Uiatiprocessors) has the potential1 of eliminating ilelliory contmnton Ii inultijir c~sotr 5iii

(5.5.1 U '.C it hIul allownx the eitire contents of a sired mnenu try to be read silnultaileousldy by a nuimbe r ofi reniote Jiri cc x' '

I ib is 1juper ts e refer to this system, illustrated in Figure Ia. as the Single Tranismiitter Multiple Receiver (Sl MNR)
,onltirdi ion. Thiis system will require imaging o~ptics capable of producing niultiple Copies of the broadcast iniage. '11ic

fliss eye lens can be used to produce multiple copies of the broadcast image. As will be shivnsi, tine ainount of incide-nt
Optical power required to generate phiotocurretits in thc range of 100-2WX nA is on thc order of Watts/cur-. thus it wAould bt:
desirable ito use a incoherent, broadband optical source. This configuration thus leiids itself to usL with a liquid crystall 1%11,-
1i110,11,113i017 whtic h requires polarized li ght for illuionration, but poses few ci strairiLs o(fie miii chrotiL tty. cil laiii n ,t ti
coiircnc y of tine incident light.

Anoiitlher possible con figuration is the Single Transmitter Single Receiver (SISR1) coin1figUl'.tin as i us o atd illI
I h.In this configuration a single traiismniing array is coupled to a single rceiv Ing array by) nicanis of either a siiiillc 1ci ,c

lIologIi uapic optical elImniit. The advantage of this confligu ration is that if a colli mated bea ii is u je d ais a stitt i c
ilullol ia hi n arid the Inod ulati rg elemients are good specular reflectors, the re 11cc td beaim canl be ciiiicc icel qitc ci fiew cii
thc alpertuirc of the reflecti ng elenuitis and spacing between them) is much greater than thie \Aavlerietdi of thie incident Ii Ii thec
diff-raction from the array is minimal arid a letis placed a few cmi above the des ice can collect greatter than of~ di te rc~l- ie, c
light. If etahon structures are used as surface thin film modulators, it is necessary to illunliniate thieii with quii
monochroniatic light at a specific angle to obtain modulation of the reflected beani. Dependingun the finesse uf the sLtuciuic
there is also a requirement on the coherency of the light. The STSR configuration appears to be best suited for use %s itli
surface modulators requiring well collimated monochromnatic sources. This interconnect can be tiade to be bidirctioial, if
sources arid detectors can be integrated on the same device. It is also possible to form cascading or ring networks iii s lireli
data is rebroadcast from the receiving device. If the data is electronically rearranged befor- transimnissior to the subsequent
idevice it will be possible to use the ing as a reconfigurable interconnect.
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Figure 1. Single and multiple receiver configurations for optical interconnects between VLSI devices,.
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2. IN VI;(; RA l I) ( IR(' UIT ( )M I'AIIII I, SPN\I I . I.I( IT M()I)tI. -I()RS

2 I I-c r v.Ilc to c liquid crs 'U il approacI

TO rcihi C integratcd Cirttllt colpatibIC spatial light mldulatirs.a fad t Icc Iri-optic material ith a large cc to-optic
cour t is ieeded. Current S[.Ms using liquid crystals offer high contrast ratios but low speed (e.g l(0 p-eS. respiic
1in110s). I hc",- des iCC ue Iliniatic or cholesteric liquid crystals thit alien along the direction of an applied field due to
fiii'rtUiiC I lk-eucee tie mIlcular aniso ropy and the appled held. ese mol, uJes are large and have a high v %.csity thai
hIiiis i'if spcd. R e'iit, ferroelectric liquid crystals have been used in electro-optic devices. Using surface stabiliced
1erriocleeric htliquid crystal (SSI:L(') devices, bistable operation has b-en denonstrated with nicrosecond and subniicrisecod
rcpoii ,c tinies. The hounding surfaces have been treated such that the fcrrk.'lecuric liquid crystals have a macrsc,.opc elec.tin
di lic that iiite.raci % kith the applied field to provide polarity sensitive re i~n e and a larger torque on the indli idual
iiiilecicts. ciimlpared with traditional liquid crystals, 1 hence these fcrroCl'ctric ihquid crystals have laster re pnse utlile" thi
iiiit'i; :iid chilesteric liquid crystals. Currently response times of SIX) n, - 2i i are being rcported in the htcraiureI
With coiitin d inateri a!s improvement it is probable dial the theoretica: tinie respionse limiit (- 510 ns will be rear hed as it
has bri "ith neit'ali liquid cr -swls. 'le contrast ratis ora singlc SS.]C CeJll have en reprted -d to IK- x(i) I. and a
nlitrix SSFV-C device demonstrated a contrast ratio of 2(X): 1.

One of the attractive features of the SSFLC structure is that the system is bistable. 35 . 36 Once switched to either state,
the voltage may be removed and the ferroelectric liquid crystals remain for hours in the switched state. The structure is
similar to CMOS devices, since the FLC devices consume power only during switching. The power consumption of the
device is then dependent upon the frequency of switching and the power to switch states. Warmer temperatures do not detract
from the performance since the viscosity of the liquid crystal decreases with increasing temperature and the optical rise time is
proportional to the viscosity. The temperature cannot be increased arbitrarily since the ferroelectric property of the liquid
crystal exits within a narrow temperature range.

2.2 Polymeric electro-optic film approach

The production of molecules having large hyperpolarizabilities 37. 38 has resulted in the development of electro-optic
organic crystals.39 Optically nonlinear chromophores were subsequently used to form mixtures with polymers which could
be poled to form noncentrosymmetric materials which have the mechanical and chemical robustness of plastic and exhibit a
large, permanent linear electro-optic effect 40 Parallel plate poling may be used to produce a permanent ordering, although
our group has shown that corona onset poling at elevated temperatures (COPET) produces a higher degree of order with greater
long term stability.41 .4 2 We have also employed the Langmuii/Blodgett technique to produce noncentrosymmetric films in
which second harmonic generation 43,4 and the linear electro-optic effect 45 can be observed.

2.2.1 Electro-optic thin film etalons

If polymeric films I .tm thick having electro-optic coefficients of 10 pm/V are deposited on an integrated circuit, local
electric Fields of 106 V/m will produce changes in the index of refraction of An = 10- . If the film has an index of 1.52 the
electrically induced phase shift of 0.9 psin wavelength light making a single pass through the film will be 0.12 mrad. If the
phase modulation is converted to amplitude modulation (by interferometric means or through the use of polarization
modulation converted to amplitude modulation) the resulting amplitude modulation will be less than 0.02 % of the incident
beam. Resonant structures such as Fabry-Perot etalons,4 6.4 7 Gires-Toumois etalons 48 or modulated multilayer dielectric
reflectors 49 will be necessary to produce sufficient modulation (1-10%) using the range of voltages (2-7 V) available at
electrodes on the surface of VLSI circuits. We have fabricated Fabry-Perot etalons from thin films of poled polymer/dye
mixtures between thin film metal mirrors to observe and characterize the electro-optic effect.50 These results indicate that it
wil , possible to detelop architectures in which the electro-opfic effect is greatly enhanced by the resonant cavity.
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Figure 2. Transmission nlode moodulator/kilon and reflectior mode etaon.

To show how a resonator increases the modulation of light for an elecuro-optic material, we comider a IOlngiLudill

electro-optic modulator constructed from an electro-optic thin film, as shown if Figure 2. Vlhe material is considcred t lc

uniaxial and oriented such that the optic axis is in the direction of the film surface normal. For normal incidence the hall-
wave voltage \k hich produces a phase shift of ir radians is given by 51

A

2n 3r
0 r 3  (1)

where no is the ordinary index of refraction, r 13 is the electro-optic coefficient, and A is the wavelength of the incident light.

The longitudinal modulator produces phase modulation of the incident light; an appropriate interferometric setup is necessary
to convert the phase modulation to amplitude modulation. For a material with r 13 = 10 prn/V, no = 1.52 and . = 0.9 pnm

the half wave voltage for normal incidence is 12.81 kV. If the modulation is converted to amplitude modulation, we can
define an amplitude modulation depth as

V
A=ir -

v. (2)

where Vm is the modulating voltage. A simple optical resonator, the Fabry-Perot etalon, can be constructed if the transparent
electrodes shown in Figure 2 are fabricated as partially reflecting mirrors. In the case of a Fabry-Perot modulator the
modulation depth is increased to

VIr
A FP) N--

VII (3)

, here N is the finesse of the cavity. The cavity can be tuned to obtain maximum modulation by electrical bias, wavelength
tuning, or rotation. The resulting modulation is direct amplitude and thus no external polarizers are necessary. In addition,
the modulation depth is increascl by a factor of N / ;r . Thus if a modulation voltage of 100 volts is necessary to produce
10% modulation of the light in the case of a longitudinal phase modulator, a Fabry-Perot modulator having a finesse on the
order 30 will directly amplitude modulate 10% of the light with a modulating voltage of 10 volts. Thus we see that the
Fabry-Perot etalon increases effective modulation and converts phase modulation to amplitude modulation.
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Pol. nericl,-. ayPeroi eUloii, .s(-w u-d to Jeiinntrate the ability to inicrconriect t~so points optically, as shoy.s inl
FIr 3guc.. The optical ,ouice ujsed ias a I llo~ laser aad polari/er A~hich provided an inc lent pos er of 2.1 rn\. The
niki duliator was a Fabrv -1 ert e talon fab ri-iled u i ing xputter depos i tcd Au mirrors and a ,puin-cast a, 0-dye / pol (ict h y
incthacr)I lt) (l'P.-\) nmixtuire, 2 pmn thick, ss hich A as heated ito 127 CC and poled using an electric field of 5 (10 )Vm
ilk dev ice" had areas of It1 2 arid capacitanices o 1 1.5 - 2.0 nF. The finesse of the structures % as approximatel1) 12.

FaLbrication and characteristics of these des ices are disc.ussed elsewhere. 5n Transverse magnetic polarii/ition was used. as this

provides coupling ito the largest[ coiiip-oitent of the electro-optic tensor of the poled polymer filn. The approximate eleLro.-
optic cefficient of the Ixilynieric material usecd in tliis experiment (at an angle of incidence of 33: ) was reff= 0.5 prlA'. An\f
AN\\ sigl cnitnofaINl. aie,(1vtsako-peak, modulated with a I kliz square-skave tone was appled

ac:ross the eLalon, A hich .Lasangle tuned to an angle of 33 to ohtain maximum modulation of the optical beatm. The reces er
,Aai- a reversec-biased Si photodiode ss loch generated photocurrent into a 50 Q~ load. Figure 4 sho~ks the transimited and

ye reCFd auld i sig~nal. T he transi his ott o iiitorniation (in a I NIlllz carrier shows the ability to mnod flate these: des ices at
tr, ,jueneies above the audio) range.
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expression relating the generated photocurrent per receiving cell as a function of the incident illuminated power density P0 is

P0A C d Cs.m R
I ph
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where A is the area of the receiving cell and fi r i the rumelwr of receiving arrays, and fit iN the ni itiulatioii ellik IceC'

Figure 6 illustrates calculations for both the STIMR and STSR configurations.

DATA V"

_______ phi

iphl ph2

wlph2

DATA

Figure 5. Differential (etection scheme.

We note that in the STMR configuration a high degree of modulation (90%) is assumed In addition, the transmitter area
is assumed to be 103 Im 2. These values are reasonable is a liquid crystal system is used as the modulator. The diffraction
loss factor for this system is assumed to be 0.34, and can be calculated if the source is assumed to be a uniform emitter and
the lens has f # = 1.5. From this calculation it can be seen that incident illumination of 10 W/cm2 will be necessary to
generate currents on the order of 100 nA per receiving cell in a system of 64 receiving arrays. This current can then be
integrated to recover the transmitted data value.

If we consider the use of etalon structures to form a STSR configuration a much larger transmitter area of 104 pm 2 is
assumed since the modulation efficiency of the etalons will be much lower than for the liquid crystal systems. In addition.
the requirement for quasi-monochromatic and collimated illumination implies that the source power density will be in the
range of mW/cm 2 . From the calculation shown we see that with an incident power densities of 100 mW/cm 2 and a
modulation efficiency of 10% it is possible to generate photocurents on the order of 200 nA per receiving cell.
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Figure 0 (,eneraited photocurrcnt a a function of incidcrt optical ix)wet for S'IMR amnd S'] SR configurations.
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imulatin A ~c r,, pe rformt ed It)ompanIxre the e Icc rical singlec bus anid crossbar nietworks ito the SI NIR c onfIigu ration.- 'I he
,iiulation determtine:d die cfi ted of dillerenut COIIneC 1him networks on a simple problem of adding 250 numbers executing on a
I 0 pro:es r s\'tit h s problem rcqires 84',; reads and 10% writes to memnory arid thus serves as a reasonable
beiiehiiark. Thec ro~ults, slio%%n in table I compare Wie content Ion cost to access sh:t red inicniory for single bus, crossbar and
the SINIR optic.l coinfiguiration. The Sl'NIR sysemn uses a shared buS to perforn writes tm) shared memory. It should be
1mm ited that III thl " ii Lilation there is nio trainsii.ssion)1 cost zissoc iatcd wkith the crossbar. 1 his greatly un dere st imatles the true
o),&Ls 0! a crossbMarid thus Implies perfiiriiice closer to die ideal perforniance than can ac:tually be achiesed. Ncvertfie ,
the STI R conlicuration shmS~ s1111iiis ideal perfornmance (ideal being no cointention cost fir shared iniinii indicating thiat
there is a1 signifi- int advantage os er die crossbar interciinnect.

42 Optically Interconnected ring tnetwork using STSR cotifiguration

A ring net'kork of' processors oiptically interconnected using the STSR configuration was simulated. Li~prices ir in
the ring was assumed to provide the poiwer of a VAX 80WK processor. The size of thc problem was varied from I uK t) 250K
integer arravs (I integer = 32 bits) on systems consisting of 2 to 128 processors. The transfer tinie for the data .,iray
(processor ito processor) was 500 ns. The data transfer rate used for the conventional electronic ring wkas 50 %lbits/s. -1 he
results for sorting a 128K integer array arc shown in Figure 8. The results show that the optically interconnectcd system
achieves a performance level which is much closer to ideal than the convent-ional electronically interconnected system. We
note that in this simulation a relatively large data array (4 M13its) and long transfer time (500 ns) was assumed. Systems
fabricated using etalon technology may not initially achieve this density of interconnects but the overall data transfer r:ite (8
T13its/sec) is still reasonable for an optical interconnect technology.
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I
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Figure 8. Speedup as a function of the number of processors.

5. CONCLUSIONS

Of the existing possible approaches to developing optical interconnects for Si VLSI circuits the use of ferroclectric liquid
crystals and polymeric etalons appear to be realizable in the near future. Ferroclectric liquid crystals offer switching speeds as
low as 50 ns and a high degree of birefringence but surface structuies and preparation techniques need to be developed to
produce effective modulators on the surface of integrated circuits. Polymeric electro-optic thin films, if incorporated into
etalon structures, can be used to produce surface spatial light modulators which will be limited in speed only by the structure
capacitance. Since it is likely that only partial modulation of the'reflected and diffracted light will be obtained with either of
these techniques, it will be necessary to use a differential form of detection to recover the transmitted signal. The benefit in
developing optical interconnects of this nature will be the ability to transmit large amounts of data from the internal nodes of
integrated circuits. The capability can be used to meet the high bandwidth requirements of concurrent computing systems
which cannot be met adequately by purely electronic means.
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Electrooptic polymer materials and devices for global
optical interconnects

Charles A. Eldering, Stephen T. Kowel, M. A. Mortazavi, and P. F. Brinkley

)hoal optical interconnects carl provide high data rate parallel communication capability thrmugh ac(vcs to
the internal nodes of very large scale integrated circuits. Topographic arrays of polymeric electrptic
rnultilayer devices such as etalons or multilayer mirrors broadcast the data stored on the surface of the chip.
Differential detection of this image permits interconnection without the need for high contrast ratio-. An
experimental demonstration of a point-to-point interconnection using a Fabry-Perot etalhn with a polymeric
thin film spacer is presented.

I. Introduction modulators physically integrated with semiconductor
devices. The fundamental properties of polymeric

A. General nonlinear optical materials are reviewed, and the use of

Free-space optical interconnects offer an attractive polymer-based etalons as modulating structures is
alternative to electrical interchip and intrachip link- presented. The use of differential transmission and
age because they allow for the interconnection of many reception alleviates the necessity for full modulation of
thousands of internal circuit nodes. A computing sys- the optical signal. A simplified analysis of a unidirec-
tem utilizing fixed interconnects has been proposed in tional channel is used to calculate the generated photo-
which memory information is broadcast optically from current in the receiving device as a function of the
one memory array to a number of receiving arrays. ,2  input optical power. This calculation demonstrates
This system, optical interconnect for multiprocessors that current polymer materials can provide adequate
(OPTIMUL), has the potential of eliminating memory performance if utilized with a multiple-pass structure.
contention for reads in multiprocessor systems be- Finally, we describe an experimental point-to-point
cause it allows the entire contents of a shared memory optical interconnect using a thin film Fabry-Perot eta-
to be read simultaneously by a number of remote pro- Ion.
cessors. We consider the more basic problem of free-
space point-to-point optical interconnects which link B. Background
the internal nodes of a single transmitting device to the The growing complexity and density of Si very large
corresponding nodes of a receiving device. Ultimate- scale integrated (VLSI) circuits are providing greater
ly, if a very large density of interconnects can be electronic computing power but at the same time place
achieved, large amounts (> 1 Mbyte) of memory infor- greater requirements on interchip and intrachip com-
mation could be optically broadcast to multiple loca- munication capabilities. In particular, pin limitations
tions. (number of pins available and attendant clock skew

We discuss the basic requirements of the optical due to long routing distances) place constraints on the
communication link between two integrated circuits data transfer between devices. Although it has been
and show that polymer materials and devices offer a claimed that excessive 10 requirements can be avoided
solution to the problem of developing spatial light by functionally partitioning circuits, ' the growing

trend toward distributed computing4-" indicates that
more interchip communication, and not less, will be

The authors are %ith University of California, Davis. Department necessary. An analysis of VLSI packaging technol-

of Electrical Engineering & Computer Science, and the Organized ogy confirms that even using packaging techniques

Resarch Program on Polymeric i'ltrathin Filtn Systems, Davis, such as hermetic chip carriers and pin grid arrays,
('alifirnia 95616. extending the number of electrical connections beyond

Received I lune 1989. 400, poses a number of problems in terms of both
~i~t-9//12 .manufacturing and performance." Intrachip commu-
c 199)0 Optical S.,ciety of America. nications are also an important issue in VLSI design,
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and althouch pin limitation problevnmi are avoided by relative dielectric con.stant (due to their ferroclectrih
integrating many components of a computing system nature) limits the switching speed of devices built from
onto one chip, the routing of interconnects remains a these materials. Silicon compatible light modulators
problem. Wafer scale integration" may alleviate the based on ferroelectric liquid crystals may be an inter-
routing problem but cannot solve it. Multilevel met- mediate solution, since a spatial light modulator hav-
allization systems are a partial solution but do not ing a switching time of <1 ps has been demonstrated. 2-

resolve the problem of electrical loading in long inter- Ultimate switching times for ferroelectric liquid crys-
connects. tals might be as low as 5 ns. Power dissipation may

Free-space optical interconnects have been recog- limit the achievable switching times to the range of 500
nized as one possible solution to the interconnect prob- ns, but such times still permit data rates of 10 Gbit/s
lem in electronic computing systems."' While dy- for a 20Kbit array transmitted in parallel.
namic (reconfigurable) interconnects would be the Since polymeric electrooptic materials have already
most desirable for the implementation of a number of been produced "T with electrooptic coefficients of 12.8
matrix and signal processing operations,' such sys- prn/V. it is clear that they are competitive with inor-
tems require the development of novel materials and ganic materials- such as LiNbO :. Their topographic
devices for dynamic holograms. Fixed interconnects adhesion and low temperature processing make them
would provide a high density of interconnects and offer inherently compatible with Si integrated circuits. As
the possibility of interconnection from one transmitter discussed in Sec. II, the electrooptic effect in these
to multiple receivers without requiring a holographic materials is primarily electronic in nature permitting
material that can be electrically or optically switched. modulation at rates limited only by electrode capaci-
In addition, topographic electrooptic thin film devices tance. The lack of strong ionic motion in polymeric
could play ar important role in reconfigurable sys- materials results in relative dielectric constants which
tems, eliminating the requirement for emitters such as are low ((, = 3-4), and thus the capacitance of struc-
GaAs laser diodes bonded to either the surface or the tures fabricated from these materials will permit mod-
edge of the chip. ulation bandwidths in excess of gigahertz for each ar-

Optical interconnects require a light source, modu- ray element.
lator, imaging system, and receiving system. Recep- Electric fields on the surfaces of integrated circuits
tion can be considered the least difficult of the prob- can be quite strong, and horizontal fields may be as
lems to be solved, since the pn junctions in Si large as 106 V/m in the region between adjacent elec-
integrated circuits show good quantum efficiency in trodes. Special structures may be built to create verti-
the near IR.'7 Optical detection of globally broadcast cal fields of similar strength. However, even with such
clock signals has been proposed and demonstrated, strong electric fields, electrooptic coefficients of the
proving that detectors can be integrated into VLSI order of 10-50 pm/V are not sufficient to provide effec-
circuits.1s  tive modulation of the reflected light in a film which

Imaging can be performed using lenses or holo- has a thickness of the order of several wavelengths.
graphic optical elements. 0 .19.20 Development ofholo- Thus multiple pass structures such as Fabry-Perot
graphic interconnects appears promising as diffraction etalons,9 ,30 Gires-Tournois etalons,31 or multilayer di-
efficiencies of >20% between one source and five de- electric reflectors 2 will be necessary to produce de-
tectors have been demonstrated. 21  tectable modulation at the voltages (2-7 V) available

This leaves the light source and modulation of the at electrodes on the surface of VLSI chips. We have
source from the surface of the chip as critical problems. fabricated Fabry-Perot etalons from thin films of
Placement of III-V sources on the edges of a chip has poled polymer-dye mixtures between thin film metal
speed and fanout advantages compared to electrical mirrors to observe and characterize the electrooptic
interconnects but does not allow interconnection of effect.3 - These results indicate that it is possible to
internal nodes or the reduction of space requirements develop structures in which the electrooptic effect is
at the edge of the device. To achieve the interconnec- greatly enhanced by the effect of the multiple passes in
tion of internal nodes, electrically addressable spatial a resonant cavity.
light modulators on the surface of an integrated circuit
serve to modulate the incoming light with the electric II. Polymer Electrooptic Materials
fields associated with the stored data. Such modula- The synthesis of molecules having large hyperpolar-
tors permit the placement of the light source external izabilitiesa .as has resulted in the development of or-
to the chip and affect the broadcast of an image con- ganic crystals" with electrooptic coefficients as large
taining all the voltage state information on the surface as 67 pm/V. Optically nonlinear chromophores were
of the device. subsequently used to form mixtures of polymers and

Modulators based on III-V materials have been fab- dyes, which could be poled after spin coating to form
ricated,2-.2" but such devices are not directly compati- noncentrosymmetric materials, which have the me-
ble with Si integrated circuits. Inorganic materials chanical and chemical robustness of plastic and exhib-
such as Ba,-,Sr, 5Nb,O6 and PZLT have been found to it a large permanent linear electrooptic effect.", Par-
exhibit large electrooptic coefficients24 .25 (30-5600 allel plate poling may be used to produce a permanent
pm/V), and, although some of these materials are com- ordering, although our group has shown that corona
patible with Si integrated circuit devices, the large onset poling at elevated temperatures (COPETI pro-
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duce, a higher dlegree ol order withl gitir lwi., lrriz I-CEIVIN(; ARRlAY

stablilitv,. W \e have also em3ploy~ed ihe Linginuir
Blodgett I 1/M) t echnique to produce noilceiltros VIn- LENS OR

metric films in w.hich second harmonic genera io OTCLGLAPENC
and the linear elect roioptic effect 'have been observed.

In the organic materials reported here the optical COLLIMATED/
nioni irearity is primarily electronic in naue hs INPUT EAM
can be proved by dletermining the contribution (if the
electronic term in the electrooptic effect I lockel's ef-
fect) by measurements of the second harmolnic genera-/
tion coefficient and low frequency Pockel's coefficient./
Using the n(.tation oif Wemple and DiI~omenico,' we
note that the electrooptic coefficient can be considered /REFLECTED
to have three sources. Tlhe elect roopt ic coef ficient can rAC DULATED LIGHT

be written asr=r'f.r+r'(1 
1 RA

where r'~ is the stress free coIefficienlt, r' is the strain Fi . ,se iagi I t or olica Cintr -iiiil-i iii.

free coefficient, and r' is the elect ronic coefficient. inabesptllghi.-d1ir,

For crystalline substances the stress-free coefficient
can lbe related to the acoustic mode phonions, while the this calculation for a number (of materials. While for
strain free coefficient can lie related to fte oIptic niode the (organic materials the ratio (of the electronic Pock-
phonons. el's coefficient to the measured Plockel's coefficient is

The elect ron ic con tri but ion to the elect rIooptic effect not highly accurate due to inaccuracies in the measure -

for organic material-, can he calculated from the ex- inent of the nonlinear coefficients and estimated indi-
pression ces of refraction, it is clear that the electrooptic effect is

adn' primarily electronic in nature for these materials, as
r:,= -4 ID2 opposed to a material like BaTiO.,, in which the effect

(n.-n 1). is principally ionic. Calculated electronic Pockel's co-
where lk,, is a second harmonic generation coefficient efficients for two materials we have prepared by coro-
and n, is the index of refraction at the second harmonic na-onset poling"' in which the electrooptic effect has
wavelength. By comparing this value for the Pockel's not been measured are also presented to illustrate the
coefficient with the value measured in the audio fre- potential these materials have as electrooptic films.
quency range, the electronic contribution to the elec-
trooptic effect can be determined. Table I illustrates Il ytmRqieet

Optical interconnection requires a source, modula-

Table 1. Electronic Contribution to the Electrooptlc Effect Calculated tor, imaging, and reception of the optical signal. Fig-
froml Measured Second Harmonic Generation Coefficients ure 1 illustrates the basic components of an intercon-

Wave-nect. We consider the case where electrooptic devices
d';" et are placed on the surface of the chip, and an external

Substance Iptn/V) X (rn) n,, ; , light source provides the optical power to be modulat-
ed. The imaging system forms the image of the trans-

a .quartz d 11 .4 1.1)6 1.55 0.28 0.97 mitting array' at the surface of the receiving array,
l~iNbO,, d, 41 1.06 2.27 1. 16 0.23 whccovrstercidsgnlopoourn,
LTI1aO, all= 19 1.0.5 2.18 :3:32 0.11 whccovrsteeeidsgnlo oourn,

liaTiO, d., 1= I T 1l0 2.46 2-111 0,001:1 which can he integrated or used directly as a switching
NINA ' d = 67 25 1.06 2 5I) 0.95 1 11.5 current to recover the transmitted information. We
PIINA/1lt d, =2.51 1 0,5 1._58 1..52 1. 9. 0.731 10.2 do not consider the imaging system in detail here ex-
t)V1N-MAid d,, = t9 .9 ].of, 1 -,2 2.997.$ 1. cept to note that if a lens system is used it will be
('OI/TNIMA! d = 17 1 1.106 1-.5 12.5 possible to image almost all the collected light onto the

surface of the receiver.
Nwt s W~avelen~gths shownVI are of. he funtd amen tal ticain in 1;1IG

epe'rinient s. (iitiu at'illi are mnade assuinrg it dispersi n free A. Modulation
index ii( refraction. If we consider a longitudinal electrooptic modulator

Kaniinow anc Turner.~ 'This wiirk. constructed from a poled electrooptic film (in which
Liii~iomli et a/.' singer "t ol the optic axis is noIrmal to the film surface), the half-
Singere l . iirtazavi ct al." wave voltage (7r-rad phase retardation voltage) will be

Spun -cast followed liv corona i'list p ding at es ated tern- gie yI
peri lures. ' The chri rm p Iiire is iipe r - red I a,,' &i I It is g ~~
N (3-imethar't,xvilvlIi ljtilirinci 3n .: arli, similde, a . ()
t-wirniarin dye. i r
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whor, r, i th,- ffetivc electrooptic coefficient and IRANSPAHE T ELECTIRODES O
t. :: is the effective index of refraction as determined by MIRRORS ELECTRODES

the angle of incidence. Figure 2 illustrates this type of A
modulator, for which external polarizers are necessary INCIDENT BEAM

to convert the polarization modulation to amplitude / SUBSTRATE

modulation. For a material with rA = 10 pm/V, n,=
1.52. and A = 0.9 um, the halfwave voltage for normal TRANSMITTED BEAM

incidence is 12.81 kV. For the case of non-normal
incidence, r.,. contains a term proportional to the r O A~OPTIC AXIS

component (if the electrooptic tensor. Since the r ELECTROOPTIC

component is larger than the r.1 component by a factor POLYMERIC MATERIAL

of -3. the halfwave voltage will be lower than for the MODULATING

case of normal incidence, but the value is still of the VOLTAGE 3

order of 10 -10' V. For modulating voltages which are >
much less than the halfwa:e voltage we can define the Iig 2 'i,,fiuratn r a f .ir: i r Imiitudi,, h,,,
modulation etficiency as no,dator and a Fabry. Perot m-:,,lator. Fir thl

riif,diflah tra:.lpar'lt leIr,-h.- ,irv tj..d. uk fir tie i a r

S=rt ) Per ! mo dulator partially rellht-iin :irrors, aoll elcctrodeus are u..

The hmgitudinal modulator requirt-- iexirnal polarizers it . vrl

where V.,, is the applied modulating voltage. Combin- plari tiAo modulationr:, .um 1 AltUde m(dul utiuu.

ing Eqs. (3) and (4) yields the modulating efficiency as
a function of the index of refraction, electrooptic coef- -000

ficient, wavelength, and modulating voltage: M 0.10

2n.'tf r it z

(n 100
Cd)

A Fabry-Perot etalon can be constructed if the K m 0.01
U.transparent electrodes shown in Fig. 2 are replaced by .

partially reflecting mirrors. In the case of a Fabry-
Perot modulator, the halfwave voltage is reduced to

W
Vo P) (6)aw

2n ff r(ff 1 10 100

where N is the finesse of the cavity. This assumes that r.

the cavity can be tuned to obtain maximum modula- Fig. 3. Required finesse for I and 10% modulation efficiencies m as

tion. This can be accomplished by electrical bias, a function of the electrooptic coefficient rff, assuming a modulating
wavelength tuning, or angle tuning. The resulting voltage V, = 5 V, index of refraction nff = 1.52, and wavelength X

modulation is direct amplitude, and thus no external 0.9 AM.

polarizers are necessary. The modulation efficiency
for the Fabry-Perot becomes

r,, would be reduced to 134.19 V. From this we conclude2n,.Ifr~ t V N
M= _ - V.,- (7) that fabrication of high finesse etalons, coupled with

modest improvements in materials, will allow the de-

It can be seen that the modulation efficiency is in- velopment of devices which can be at least partially
creased by a factor of N/ir over what is obtained for the modulated with voltages available on the surfaces of
longitudinal modulator. If we assume that the modu- integrated circuits.
lation efficiency will need to be in the 1-10% range to Reflection mode devices are also possible. The
construct an optically interconnected system, it is pos- Fabry-Perot device is a suitable modulator since it
sible to determine the cavity finesse requirements giv- produces direct amplitude modulation, but to con-
en the electrooptic coefficient reff of the spacer layer. struct a device on top of a Si chip, it is necessary to
Figure 3 illustrates the required finesse for 1 and 10% include the optical properties of the chip surface in
modulation efficiencies assuming a modulating volt- designing the back surface mirror. Figure 4 illustrates
age V,, = 5 V. index of refraction neff = 1.52, and the Gires-Tournois etalon ' which can be used to pro-
wavelength X = 0.9 um. duce phase modulation. Polarization modulation is

We have constructed 3 simple etalons using sputter also possible if the material in the cavity is sufficiently
deposited Au mirrors and spun-cast polymer films, anisotropic. The idea of using multilayers of elec-
achieving a finesse of the order of 10. Using dielectric trooptic materials of alternating high-low indices to
mirrors and transparent electrodes it should be possi- form a structure whose reflection coefficient can be
ble to obtain a finesse in the range of 30-300. With an directly modulated has been proposed 2 ; such a struc-
electrooptic coefficient r1* = 10 (for normal incidence, ture has the advantage of producing direct amplitude
r, = r ) and a finesse of 300, the halfwave voltage modulation of the reflected beam. Figure 5 shows a
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METJAL MIRROR
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Fig. 5. Modulated multilayer reflecting structure. k
Z

device which could be constructed using spin-on or z
L/B techniques, provided that materials with suffi-
ciently large differences in indices can be obtained.

In any of these structures the multiple pass effect
will serve to reduce the halfwave voltage so that inte- Ax
grated circuit voltages in the 1-10-V range will modu- Fig. 7. Calculation of beam spread based on the classical uncertain -
late 1-10% of the reflected beam. Since not all the ty principle.
reflected beam is modulated, it is desirable to transmit
either a reference or an antipodal signal along with the
data. If the second signal originates from a region
which is spatially close to the first transmitter, an can be used to obtain the minimum beam angle, ' -
additional advantage accrues that variations in the which is given by
incident beam illumination over the surface of the 0 (

device will not affect the differentially transmitted 4rd9
signal. Figure 6 illustrates differential transmission of Evaluating this expression using X = 0.9 pm and d = 10
information using the amplitude modulated reflected Evalshtin that e minum beam an d i <.10beams from adjacent transmitters. Detection of dif- pm shows that the minimum beam angle is <0.0 10.
bernialmsgnals from adjactuaste r. Dgcondtis Based on this, we conclude that, for the case of aferential signals is discussed following considerations specular reflector illuminated by a collimated source,
of the imaging system. it will be possible to collect at least 75% of the radiated

B. Imaging light with a lens or holographic element with an area of
The imaging system, in the form of a traditional lens 5 cm- placed a few centimeters above the device.

or holographic element, collects a portion of the re- C. Reception
flected light and images it onto the corresponding re- Appropriate detection circuitry determines the bi-
ceiver, which converts the optical power to electrical
current. We note that for the case of surface IC modu- nary value transmitted and stores this value for subse-curore wchraein zetforhecase1tof e mu quent processing. A dual detector can be formed bylators which range in size from 10 X 10 to 100 X 100 pm placing two reverse biased photodiodes in series; the

the diffraction of the reflected beam is small enough unmodulated portion of the stignal generates a dc pho-
that a lens or holographic element with area : 5 cm 2  tourre w otin it the ete s ctioncir-

placed a few centimeters above the device can collect tocurrent which is not injected into the detection cir-
clos to100 oftheradatedenegy.Thi ca be cuitry. Such receivers have been proposed and con-close to 100% of the radiated energy. This can be structed for coherent fiber optic communications

proved by considering a square radiating aperture of syste A diferenti dt tion/recepti ons
sized, s sownin ig.7. Te casscaluncrtanty systems./6 A differential detection/reception scheme

size d, as shown in Fig. 7. The classical uncertainty is shown in Fig. 6. This effectively deals with the low
principle, modulation efficiency and compensates for local varia-

(8 tions in sensitivity across the chip.
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Error detection and correction :eted to 1e clsid- ioAMG SAMPLE

Vred. Sources of' error include misalignment, vibra- HOLDER ETALON

tion-induced crosstalk, and photocurrents induced APERTURE"A

outside the detection regions. I N
D. Link Budget

Table II illustrates a link budget for an optical inter- SIGNAL GENERATOR
connect where the transmitter is composed of two ad-
jacent polymeric devices for differential transmission. SPECTRUM

The area of each transmitter is 1O0 X 100pm yielding a CD ANALYZER

total area of 2 X 101 pm'. For an integrated circuit of ..

1- X 1-cm area. 1000 transmitters would only occupy
20% of the chip area. The total capacitance for the ANTENNAINPUT
transmitter pair, using a thickness of 2 pum and relative AUDIO OUT

dielectric constant , 4, is 354 fF. We do not address .. PHOTODETECTOR

the issues of drive or receive electronics here but at- L)
tempt only to show the ability to generate reasonable OSCILLOSCOPE HF RECEIVER

currents which can be integrated or used directly for Fig.s. Exp.rimental setup I,,r the demm,,trit w ,I gna. trai-

switching. nt ,,, using a ,,,lyn eric Fabrv h rit ,.lal,,.

We consider a lens imaging system which has a nom-
inal efficiency of 0.75 for both collection and imaging.
With an input power density of I W/cm2 and a modula-
tion efficiency of 0.10, the received optical power is pled with the ability to interconnect internal nodes
ll.25uW. Assumingadetectorresponsivityof0.45A/ without routing to the edge of the device, offers a
W, the generated signal current is 5.06 pA. It should distinct advantage over present electrical intercon-
be noted that the light source is required to have a nects.
coherence length of no more than 1 mm even for eta-
Ions with finesses approaching 1000; thus a laser is not IV. Demonstration of a Point-to-Point Interconnect
required for the light source provided a hologram is not Polymeric Fabry-Perot etalons were used to demon-
used for the imaging. strate the ability to interconnect two points optically,

From this calculation we see that, using a reasonable as shown in Fig. 8. The optical source used was a He-
incident optical power density, switching currents of 5 Ne laser and polarizer which provided an incident
pA can be generated. While much consideration must power of 2.1 mW. The modulator was a Fabry-Perot
be given to the detection circuitryand to issues such as etalon fabricated on a BK7 glass substrate using sput -
crosstalk and detector noise, it is reasonable to con- ter deposited Au mirrors and a spun-cast azo dye/
clude that this current can be integrated to recover the polymethyl methacrylate (PMMA) mixture, 2 ptm
transmitted binary value. The receiver circuitry will thick, which was heated to 127°C and poled4" using an
determine the time necessary to recover the informa- electric field of 5 X 10' V/m applied across the gold
tion; this time can be minimized at the expense of electrodes. The devices had areas of the order of 1 cm'
circuit complexity and area. The fact that the receiver and capacitances in the range of 1.5-2.0 nF. Fabrica-
need not be placed at the edge of the chip offers great tion and characteristics of these devices are discussed
advantages in terms of circuit layout, but complete elsewhere. ' 3 Transverse magnetic polarization was
analysis of the chip function, architecture, and layout used, as this provides coupling to the largest compo-
is needed to determine the minimum speed of the nent of the electrooptic tensor of the poled polymer
receiver which would allow effective utilization of the film. The approximate electrooptic coefficient of the
optical interconnect. We note, however, that for an polymeric material used in this experiment (at an an-
interconnect density of 1000 interconnects/device, a gle of incidence of 330) was r,,.f = 0.5 pm/V. An AM
long charge integration time of 100 ns still results in a signal consisting of a 1-MHz carrier, 10 V Peak-to-
data transfer rate of 10 Gbits/s. This data rate, cou- Peak, modulated with a 1-kHz square-wave tone was

applied across the etalon, which was angle-tuned to an
angle of 33' to obtain maximum modulation of the

Table 11. Optical Link Budget optical beam. The receiver was a silicon reverse-bi-
ased photodiode which generated photocurrent into a

Incident power density I'l 1 W/cm2 30 dBm cm
-
" 50-Q load.

Transmitter area A 2 X 10- cm: -36.99 dB cm Figure 9 shows the received spectra of the optical
Modulation efficiency m 0.1 -10.00 dB
Diffraction losses C,, 0.75 -125 dB signal obtained by ac coupling the output from the
ImaRing losses C, 0.75 -1.25dB photodiode circuit to a spectrum analyzer. The oh-
Received power P, 11.25 PW - 19.49 dB m served signal was seen to be independent of frequency

up to 1 MHz, the point at which the capacitance of the
Detector responsivity R 0.45 AAV et.alon began to attenuate the modulating signal. Con-
Generated photocurrent 1 5.06 PA necting the ac coupled output of the photodiode to the
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-12 :56.2 H tudinal or transverse electrooptic modulators. I)e-
0 RANGE,]l~ -36.014 d,] -137 dl. ? I.' ) Fvices fabricated using metal mirrors and parallel plate

poled spacer materials were used to demonstrate a
free-space optical interconnection between two points.
These experiments were very primitive in the sense
that lossy metal mirrors and materials having elec-
trooptic coefficients of the order of r:j:j = 1.5 pm/V were
used. Nonetheless, it was possible to use such struc-
tures for the direct amplitude modulation of an optical
beam which could be detected by a simple photodiode.
Subsequent development of devices using dielectric

71 mirrors and recently developed corona poled polymer-
ic materials" with electrooptic coefficients of the orderof 12 pm/V will allow for the construction of prototype
Si compatible modulators. This technology appears
to be a feasible means of realizing global optical inter-

__EITI I 9,I,1-, I: connection of 1000, or many more, nodes of Si VLSI
Fig. 9. Received spectra of a signal from the modulated etalon. circuits. Covering the surface of the chip with an
The signal was a I-MHz carrier amplitude modulated by a I-kHz etalon array which senses the electrode fields across
square wave. Sum and difference frequencies of the carrier and the surface to effect modulation promises to provide a

fundamental of the square wave are clearly observable, flexible, cost-effective, and robust method for optical

interconnects. Reconfiguration can be accomplished
by data rearrangement within the chip, taking advan-
tage of the large data transmission rates.

We wish to thank Andre Knoesen for helpful discus-
sions and Brian Anderson for materials preparation.
Special appreciation is due Geoffrey Lindsay and
James Hoover of the Naval Weapons Center, China
Lake, for the synthesis of compounds used in this work.
Portions of this work were supported by the Rome Air
Development Center.
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Abstract

We show that the horizontal electric fields between planar electrodes can be used to rotate nematic

liquid crystals in the plane of the substrate. The use of horizontal fields for liquid crystal light

modulation potentially offers far greater resolution in voltage state imaging than do vertical fields

which inherently limit resolution by field meshing. Observation of the orientation of the liquid

crystal is performed using electrodes deposited on a glass substrate viewed through a transmission

microscope. Imaging of the voltage states on the surface of an integrated circuit using horizontal

fields is also demonstrated.

Coating integrated circuits with liquid crystals has been reported as a means of diagnosing

electrical and thermal faults in integrated circuits.1 ,2 ,3 Voltage states were optically imaged using

vertical electric fields between surface metal electrodes and a glass cover slip electrode which

rotated liquid crystals. The resulting change in optical birefringence was made visible by

examining the device through crossed polarizers. The use of these vertical fields is indicated in

Figure 1, where homeotropically aligned nematic liquid crystals with a negative dielectric

anisotropy orient perpendicular to the vertical field between the electrodes and the cover slip. As

shown, the electric fields emanating from adjacent electrodes, and thus the regions of liquid crystal

alignment mesh together, resulting in a limited resolution of those electrodes.

In this paper, we show that horizontal electric fields between the electrodes may be used to

rotate homogeneously aligned nematic liquid crystals. This allows the use of existing electrodes on

the integrated circuit, without the need for external electrodes. Because the liquid crystal exhibits

positive dielectric anisotropy, the molecule alignment is parallel to the electric field (Figure 2).

Thus, horizontal fields align the liquid crystals between electrodes in the plane of the circuit

surface, the X-Y plane in Figure 2.

One application of using horizontal fields to rotate liquid crystals in the plane of the circuit

surface is in globally optically interconnected systems. 4 ,5 The transfer of data in such a system

would be achieved by imaging the data from the surface of one integrated circuit, the transmitter,

onto one or more receiving arrays, which would convert the optical information back into

electronic data. With the use of horizontal fields, the imaging of voltage states is done without

external electrodes, and the potential for resolution of the imaged electrodes on the surface of the

transmitting device is far greater. Resolution with interelectrode horizontal fields is inherently only

diffraction limited, whereas with vertical fields the resolution is limited by the meshing above the

electrodes.
6
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An electric field between two electrodes causes the liquid crystal director to rotate relative

to the input polarization, altering the refractive index as seen by the incoming light. When viewed

between crossed polarizers, the output light intensity varies as 7

l=10 sin220sin2[R 8n d]

where I = output intensity, I0 = incident intensity, X = wavelength of the incident light,

0 = angle between the liquid crystal director and the input polarization,

8n = ne - no, the liquid crystal optical birefringenc-e, d = thickness of liquid crystal.

As described here, the only intensity variation arises from the angle of rotation of the liquid

crystal director, 0. This angle is 0* for no applied field (V = OV), and 90* when the saturation

voltage is reached (V = 5V), given an input polarization in the direction of the Y-axis as shown in

Figure 2.

Intensity modulation due to liquid crystal polarization rotation was observed using a

transmission microscope with crossed polarizers. The nematic liquid crystal material, Roche RO-

TN-623, was spread over a glass substrate with 51am wide chrome electrodes, separated by 10tm.

Without any cover slip over the liquid crystal, electric field induced contrast between electrodes

was observed, indicating that the rotation of the molecules is achieved by horizontal, not vertical

fields.

Figures 3a and 3b show the metal lines (dark) with and without voltages applied,

demonstrating the well defined contrast visible between different orientations of liquid crystal. In

the figures shown, a cover slip had been applied to provide uniform thickness, though discernable

contrast was noted without the presence of any cover slip.

Using input polarization perpendicular to the initial orientation of the liquid crystal, effects

of liquid crystal optic axis rotation in the plane of the electrodes were observed upon application of

an electric field. Rotation of the liquid crystal perpendicular to the substrate would not produce

contrast in this case.

It was also observed that between closely spaced electrodes (5jim separation) the liquid

crystal oriented, without field applied, parallel to the electrodes. However, a cover slip prepared to

provide alignment (coated with a thin layer of polyimide and then rubbed) and oriented

perpendicular to the electrode direction produced a uniform alignment in the direction of the rub at

its surface, the molecules forming a twisted nematic structure through the liquid crystal layer. The

occurrence of this twisted nematic configuration was confirmed by rotating the applied cover slip

through 90, and observing the output polarization rotate through the angle of the cover slip
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rotation. From these experiments it was concluded that horizontal fields can be used for the

rotation of liquid crystals having a positive dielectric anisotropy.

Modulation effects were also observed in light reflected from an integrated circuit surface

under the microscope equipped with crossed polarizers. Contrast arising from horizontal electric

field modulated liquid crystal rotation was clearly observed between second level (top layer) metal

lines on the surface of the device.

The integrated circuit used in this study was an AMD Am9114 NMOS IK x 4 memory

array. The ceramic package was opened and the circuit coated with a layer of nematic liquid crystal

10 ptm thick, without any special processing or chemical treatment. A glass cover slip similar to

the one used in the transmission experiment was used to provide a uniform thickness and a

preferential direction of crystal alignment at the cover slip surface. Second level metal lines on the

device measure between 3gim and 8g.m wide, lp.m high, with minimum separations of 6p1m.

Voltages applied to second level metal lines generated visible contrast between lines perpendicular

and parallel to the cover slip rub. This demonstrates that the liquid crystals align to surface

topography, and form the twisted nematic structure between the circuit surface and the cover slip in

regions where cover slip rub and electrode direction are perpendicular.

Contrast ratios of up to 1.9-to-I were measured, even in the regions where the electrodes

were separated by only 6.tm. Further, the contrast was noted to be a very sensitive function of the

electric field strength since the presence of sub-surface lines with volt. ges applied visibly altered

the brightness in the areas where these lines existed. Figure 4a shows the second level metal lines

of 4g.m width spaced by 6.tm, without any signals applied. Voltages are applied in Figure 4b to

show enhanced reflection in five interstitial regions. Constant voltages applied to the electrodes

produced only transient contrast, possibly due to surface charging, 1,2 though this is not yet clearly

understood. Contrast above the electrodes was attributed to the fringing electric fields and the fact

that the reflection coefficient of aluminum is three times greater than that of silicon.

The use of horizontal electric fields in the rotation of liquid crystals on the surface of an

integrated circuit circumvents the need for external electrodes by making use of existing electrodes,

the second level metal lines on the device. This greatly simplifies the processing needed to prepare

an integrated circuit for liquid crystal light modulation. With homogeneously aligned positive

dielectric anisotropic nematic liquid crystal, rotation of the molecules is in the plane of the circuit

and predominantly limited to alignment between electrodes, increasing the potential resolution over

that where molecules are aligned above electrodes. Applications that could benefit from this

technique include globally optically interconnected systems and liquid crystal displays, as well as

other devices that utilize liquid crystal light modulation.
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Further work will involve the evaluation of the field patterns and the removal of the

passivation to eliminate possible charging. Characterization of the viewing angle and gray level

resolution are under way.
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Figure 1. Use of vertical electric fields to align liquid
crystals above electrodes. Voltage applied between
electrodes and cover slip.
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Figure 2. Use of horizontal electric fields to align liquid
crystals between electrodes. Voltage applied between first
and second electrode.
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Electrodes on surface Enhanced reflection
of glass substrate in interstitial spaces
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Figure 3. Photomicrograph of electrodes on glass
substrate with (;) no voltage applied and (b) voltage
applied to produce contrast between three electrodes.
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Metal lines on surface Enhanced reflection

of integrated circuit in interstitial spaces

a b

Figure 4. Photomicrograph of integrated circuit surface with
(a) no voltage applied and (b) voltage applied to produce
contrast in spaces 1, 3, 5, 6, and 7.
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